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1. SUMMARY

Under the present tenure of support by AFOSR we were able to develop a

very comprehensive research program in the area of nonlinear optical effects

in organic materials. 'This program covered microscopic theory of optical

nonlinearity, design and synthesis of novel structures, materials processing

for guided waves, measurements of optical nonlinearites and study of device

processes. We made significant accomplishments in each topic as recognized

by the number of invitations received to give talks at various international

conferences. We have published extensively. In this progress report these

accomplishments are listed separately under each topic. This description is

followed by a list of publications supported by the current AFOSR contract

and a list of invited talks during the tenure of this support.

1. Theory

We have used'both classical anharmonic oscillator approach as well as

ab-initio calculations to understand the microscopic nature of optical

nonlinearities in organic structures. Our ultimate goal is to understand

the structure-property relationship so t at one may be able to predict

structures with enhanced optical nonlinearities. The focus of our work has

been on third-order optical nonlinearity.

We developed a simple model of coupled locally anharmonic oscillators

which can be used to describe the optical nonlinearities in conjugated

organic monomeric, oligomeric and polymeric structures. We showed that the

method can very readily be used to explain the dependence of the band gap,

the polarizability, a, and the second hyperpolarizability, Y, as a function

of the number of repeat units for the oligomers of thiophene and benzene.

The results predicted by the coupled anharmonic oscillator model are in good

agreement with those of the experimental studies on thiophene and benzene

oligomers recently reported our group..In addition, the predicted power
; '1 , .

dependences of orientationaI!Y dveraged <a> ar.d Y> on the number of repeat

units were compared with t ic predicted by a free electron model, PPP

methods, sum-over-states m ' . and ab initio calculations.

Static polarizability .- : second hyperpolarizability tensors were

computed for a series of pu,' :., polyynes and cumulenes by ab initio SCF
2-6

theory. Numerically stable finite field (FF) calculations were achieved

using polynomial fits of either, energy or induced dipole moment as a
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function of field strength. Fully coupled (FF) and uncoupled (SOS) ab

initio SCF calculations, using identical small basis sets, were found to be

in reasonably good agreement for polarizabilities but not for

hyperpolarizabilities. The empirical function, Bn , provides a qualitative

description of how polarizability and hyperpolarizability varies with chain

length, n, for moderately long chains. We modified the formula to take

account of end effects in very short chains. Ab initio X values are

somewhat smaller than semiempirical values. Diffuse orbital basis functions

are required for qualitatively c-i-rect hyperpolarizabilities of small

conjugated Li systems. For example, the average second hyperpolarizability,

Y, of ethylene is computed to be -13, 1.7 and 726 a.u. with STO-3G, 3-21G

and augmented 3-21G basis sets, respectively, to be compared with the

experimental value, 1500 a.u., of Ward and Elliott. We augment the valence

set with diffuse s, p and two cartesian d sets, or subsets of these. The

results are nearly insensitive to choice of valence set. We describe the

use of a corresponding orbital analysis to aid in the interpretation of ab

initio results obtained by either finite field or analytic derivative

methods. The sigma orbital contribution to the longitudinal

hyperpolarizability tends to partially cancel the larger Ji contribution.

Both contributions change sign in going from an acetylenic chain to the

cumulene system. Polarizability and second hyperpolarizability are given by

the first and third derivatives, respectively, of charge density with

respect to field strength. A contour map of the first derivative density

for an acetylenic chain is nearly periodic, corresponding to localized

polarization of individual triple bonds. A map of the third derivative

density does not exhibit this feature, corresponding to longer range charge

shifts induced by the applied electric field.

With a goal to investigate the role of heavy atoms in determining

optical nonlinearities, we conducted7 ab-initio calculations of

polarizability, a, and first and second hyperpolarizabilities, B and Y for

the haloform series CHX3 where X = F, Cl, Br, and I using the Effective Core

Potential (ECP) approach. The microscopic optical nonlinearities a, B and Y

were calculated as the derivatives of the energy with respect to the

electric field, with the energy determined by means of the Self-Consistent-

Field approach (SCF), and nonlinearities calculated in the static field

limit by means of the Coupled Perturbed Hartree-Fock (CPHF) formalism. To
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test the usefulness of the ECP method, nonlinear optical responses for the

lighter members of the series, CHF 3 and CHCI 3, were computed by using both

all electron and ECP calculations. The results are compared, and are found

to be in excellent agreement. The effects of various basis sets and

inclusion of diffuse and polarization functions are also examined to select

a basis set which gives a good description of optical nonlinearities. The

ECP technique is, then, used to calculate optical nonlinearities for CHBr3

and CHI Although a very good agreement was found between the calculated

and experimental polarizabilities for the haloform series, a rather poor

agreement was obtained for the higher order polarizabilities. Possible

sources of errors were discussed by us in order to elucidate this

discrepancy.

In order to examine the importance of electron correlation, we

conducted an ab-initio calculation of polarizability and second

hyperpolarizability for the benzene molecule including electron-electron

correlation. 8 The finite field method was used. For each selected strength

of the applied electric field the energy of the benzene molecule was

calculated using the Self-Consistent Field method (SCF) as well as with its

Moeller-Plesset correction in the second order (MP-2). Then the microscopic

optical nonlinear responses were calculated by fitting both the SCF energy

and the MP-2 energy to a polynomial in the field strength. We found that

electron correlation significantly enhances the second hyperpolarizability.

For the polarizability, our computed value showed an excellent agreement

with the experimentally measured value. For the second hyperpolarizability,

the computed value using MP-2 energy showed a reasonable agreement with that

reported by the Electric Field Induced Second Harmonic (EFISH) generation

but a poor agreement with the result of Degenerate Four Wave Mixing (DFWM).

Finally, we also compared our ab-initio results with those previously

reported using semi-empirical methods.

2. Design and Synthesis

The effort under this topic has been focused on making sequentially

built and systematically derivatized structures with an objective that

measurements of optical nonlinearities on these compounds will yield an

insight into structure-property relationship. To investigate the dependence

of the microscopic third-order optical nonlinearity Y on the number of



-5-

11
optical nonlinearities. Our study indicates that the conjugations does

not really carry through the metal. The Y value appears to be determined by

the f-conjugation through the organic segment.

3. Materials Processing

The research under this category has focussed on the preparation of

optical quality films and characterization by using structural and

spectroscopic techniques. Ultrathin films with a monolayer resolution have

been prepared using both the Langmuir-Blodgett method and the

electrochemical polymerization techniques. Thin films of optical waveguid2

dimensions were made by using solution casting techniques such as spin-

coating and doctor blading. To a very limited extent vacuum deposition has

also been used. The objective has been to improve on the optical quality of

these films for guided wave or surface-plasmon nonlinear optics.

Molecular assemblies prepared by the Langmuir-Blodgett technique

provide useful structures to probe structure-property relationships for

nonlinear optical processes. We developed a comprehensive research program

in which we studied the Langmuir-Blodgett films of optically nonlinear

organic structures. The films were carefully characterized by a variety of

surface and spectroscopic techniques. Both second and third order processes

were investigated. We have successfully formed monolayer and multilayer

films of several phthalocyanines and characterized them by u.v. visible

spectroscopy, ellipsometry and quartz-crystal microbalance method. 12'13 The

layer-to-layer deposition was found to be uniform for the number of layers

studied (-40). An interesting phthalocyanine, Si-phthalocyanine,

SiPc(OSiMePhOH)2- was synthesized in our laboratory following published

procedures. It forms a nice condensed L-B film.13

Monolayer films of poly-3-BCMU were shown to form at the air-water

interface, the surface pressure/area per residue (n/A) isotherms of which

exhibit a horizontal plateau indicative of a phase change occurring on-
14compression. Langmuir-B!-.:z.tt monolayer films, transferred while

proceeding through this regi , have visible absorption spectra indicating a

conformational change from -., Hmphipathic yellow to a nonamphipathic blue

form having increased n-electron conjugation. A thermodynamic analysis of

the temperature dependency of the compressional onset of the plateau (t),

interpreted in terms of a corrected two-dimensional analogue of the
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Clapeyron equation, shows a slightly exothermic transition. A comparison of

isotherms obtained both by continuous compression and by a stepwise

"equilibrium" method shows considerable relaxation can take place at areas
2

per residue less than 100 A . This was interpreted as reflecting the

pronounced reorganization required for the highly ordered blue conformation

to completely form. Multilayers of poly-3-BCMU and poly-4-BCMJ transferred

at different areas per residue show visible absorption spectra reflecting

the different degrees of conformational order of the monolayer films from

which they were fabricated. When monolayers of poly-4-BCMU and poly-3-BCMU

are sandwiched, an alternation multilayer is formed in which the highly

ordered blue conformation is forced to assume the slightly less ordered red

conformation of poly-4-BCMU.

Studies conducted by our research group have revealed that soluble

polydiacetylenes, poly-n-BCMU (the coefficient, n, simply represents the

number of methylene units in the side chain), can be manipulated in the

monolayer film to control the polymer conformation, order and n-conjugation.

We have investigated poly-3-BCMU and poly-9-BCMU which undergo a monolayer

yellow form-to-bilayer blue form transition while the poly-4-BCMU discussed

above shows a monolayer yellow form to a bilayer red form transition. The

blue form is the most conjugated structure. The i-conjugation strongly

influences the optical nonlinearity. Therefore, by controlling the

effective conjugation by the L-B technique, one can judiciously tune the

optical nonlinearity. In addition to the pressure dependent monolayer to

bilayer transitions, effective n conjugation can be changed by virtue of the

fact that all the monolayers can be polymerized by u.v. light.

The 9-BCMU multilayer films show more subtle differences in the degree

of order and conjugation when prepared differently.1 3  The solution cast

film when polymerized by u.v. light shows the least order (X = 635 nm)max

for a blue form. When a 9-BCMU monomer monolayer film is polymerized at the

air-water interface and then transferred to a substrate it shows a greater

degrees of order and conjugation (X = 645 nm). The most orderedmax

polymerized multilayer is obtained when the monomer is first transferred as

a multilayer and then polymer'zed (max 655 rim).

Surface plasmon wave spectroscopy was successfully used to study the

monolayer-bilayer transition in poly-4-BCMU and poly-3-BCMU polydiacetylene

Langmuir-Blodgett films. 15 The linear refractive index and the thickness
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were obtained for the monolayer yellow and bilayer red forms of poly-4-BCMU.

Surface plasmon coupling using resonance enhancement was found to

sufficiently enhance the Raman scattering, so Raman spectra of the monolayer

films could be obtained with a relatively small laser intensity of a few

milliwatts. The differences in the C=C and C C vibrational stretching

frequencies of the monolayer yellow and the bilayer red films were observed

arising from the difference in the effective conjugation for the two forms.

Monolayer film formation at the air/water interface was investigated

for both electrochemically and chemically prepared poly(3-dodecylthiophene)

using surface pressure-molecular area isotherms. Only the

electrochemically prepared polymer formed a stable monolayer, which was

successfully transferred using the horizontal lifting method. The

transferred Langmuir-Blodgett films were characterized by u.v.-visible

spectroscopy and quartz crystal microbalance measurements.

In order to study the structural correlation from layer to layer we

have successfully used a combination of the quartz-crystal microbalance

method and u.v.-visible spectroscopy. 12 ,13 ,16 A quartz-crystal microbalance

utilizing the change in the resonance frequency upon the film deposition

provides a convenient method of determining the mass of the film.

Therefore, the uniformity of the mass transfer can be determined from the

layer dependence. In the case of a uniform mass transfer, a linear relation

will be obtained between the number of layers and the change in the

frequency. The u.v.-visible spectra in the linear absorption regime would

also yield a linear dependence of the absorbance as a function of the number

of layers, provided the structural correlation from layer-to-layer is

maintained. The results of the quartz-crystal microbalance and the u.v.-

visible spectral studies for L-B films of a macrocycle, tetrakis butyl

phenoxy phthalocyanine show d linear relation in each case indicating a

uniform transfer from layt:- ,-1ayer with the same molecular structure. 12' 13

In contrast, the results o:. tc L-B films of poly (3-dodecyl-thiophene)

reveal a uniform mass tra>:.=r (linear relation between the frequency change

in the quartz-crystal mic: i.cce experiment and the number of layers), but

the structural correlatio: - layer-to-layer changes around the tenth

layer as evidenced by the _- r of slope of the absorbance as a function of

the number of deposited laycrs. .
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Monolayer film formation was observed for a liquid crystalline

copolymer containing a second-order non-linear optical side chain. 17 The

films were characterized on the aqueous subphase by a pressure-area per

monomer unit isotherm and successfully transferred onto a glass substrate by

the horizontal lifting method. The transferred Langmuir-Blodgett monolayers

were characterized by surface plasmon resonance, attenuated total

reflection-IR (ATR-IR) and UV-visible spectroscopy. The surface plasmon

resonance study revealed the Langmuir-Blodgett films transferred at 5 dyn
-1 -1

cm to be uniform but not those at 10 and 15 dyn cm The theoretical fit

of the surface plasmon results for the monolayer Langmuir-Blodgett films
-1

transferred at 5 dyn cm coupled with ellipsometric results on a solution-

cast film yielded the values for the refractive index and the thickness of

the monolayer. ATR-IR and UV-visible spectra show that the copolymer has

similar conformations in the monolayer and bulk states.

We investigated electrochemically polymerized films. Our work showed

that by using a modified gold working electrode, the surface plasmon

technique can successfully be used to obtain information on the optical
fim.18

constants and the film thickness of electropolymerized films. Polyazulene

films deposited at three different surface charge densities were

investigated in the oxidized and corresponding reduced forms. Our result

shows that the refractive index, and hence the dielectric constant at 632

nm, is complex, the imaginary part being larger for the oxidized form

compared to that for the corresponding reduced form. Thickness

determination shows that its relationship with the amount of charge is

qualitatively similar to that reported for polypyrrole. The film thickness

measurement reveals a shrinkage in going from the oxidized to the reduced

form as the counter anions are removed.

We were successful in making waveguides of several polymers and

characterizing their optical properties. We conducted measurements of the

refractive indices of poly-4BCMU films and reported the fabrication of an

efficient integrated optical coupler. 19 The refractive index measurements

were performed in the visible and near infrared using blazed-grating

couplers. The analysis led to the optimization of a blazed-grating input

coupler with a coupling efficiency larger than 45% at 1.064 nn.

We reported the observation of a large birefringence in a as-cast

unoriented film of poly-p-phenylene vinylene, a material which '.as a large
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third-order nonlinear optical susceptibility.20 A wave guide technique in

the TE and TM polarizations was used to obtain the in-plane and out-of-plane

refractive indices at several wavelengths. At 633 nm the measured

refractive index values are: nTE : 2.085, nTM : 1.612. No dependence of

the in-plane refractive index on the direction of film spreading is found

indicating an in-plane isotropic behavior. No anomalous dispersion of

refractive index is found in the wavelength range 633 nm to 106 4 nm.

We used sol-gel processing to fabricate planar waveguides and
21

characterize their properties. In this regard our objective has been to

make low loss nonlinear optical waveguides of composite materials. We have

a remarkable success in developing a special sol-gel process route by which

we are able to make a good optical quality composite of the sol-gel silica

and the poly-p-phenylene vinylene (PPV) polymer. We are able to make

without phase separation a composite which contains a large composition of

the nonlinear polymer PPV. The waveguide losses are significantly lower

than what is found for the pure PPV waveguides. A patent has been filed for

the processing of this composite.

4. Experimental Studies of Optical Nonlinearities

Monolayers of several diacetylene monomers and polymers spread at the

air-water interface were studied22 2 3 using optical second-harmonic

generation (SHG) and third-harmonic generation (THG). Owing to the

centrosymnmetry of the diacetylene core, SHG from these molecules arises

mainly from their side groups. THG from a single monolayer of

polydiacetylene was reported, to nur knowledge, for the first time - the THG

signal (in reflection) arising from the polydiacetylene monolayer is several

times larger than that from the water subphase. THG was observed both when

a polymer monolayer was spread directly and when a monomer monolayer was UV

polymerized on the water surface. Values of the third-order nonlinearity of

polydlacetylenes derived from these measurements are in agreement with

earlier studies.

With a goal to understand the structure-property relationship for

third-order microscopic optical nonlinearity, we have investigated the

nonlinearities of a number of sequentially built and systematically

eerlvatized i-conjugated structures using degenerate four-wave mixing. A

systematic study of the dependence of the band gap, the linear optical
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susceptibility, the polarizability a, and the second hyperpolarizability Y,

on the number of repeat unit was conducted for the thiophene series from

monomer to hexamer.9 The linear optical susceptibilities for oligomers were

determined from the refractive index measurements on vacuum deposited films

using the m lines technique. The orientationally averaged polarizabilities

<a> were measured from refractive index measurements of THF solutions. The

orientationally averaged second hyperpolarizabilities <Y> were measured by

degenerate four-wave mixing studies of THF solutions. The validity of the

Lorentz-Lorenz approximation was tested and found to be satisfactory. The

experimental values of <a> and <Y> for thiophene and <a> for bithiophene are

found to be in qualitative agreement with those obtained by a recent ab

initio calculation which used the finite field method and included diffuse

polarization functions. The experimentally observed dependence of <a> and

<Y> on the number N of the thiophene repeat unit is compared with that

predicted by a free electron model, PPP methods, and the ab initio

calculations. For the case of polarizability, the repeat unit dependence is

in good agreement with that predicted by the ab initio calculations but for

the case of second hyperpolarizability, the agreement is not as good. To

examine the nature of effective conjugation, we measured the third-order

microscopic nonlinearities, Y, for several para poly-phenyls and compared

the dependence on the number of repeat units with that observed in the a-
10

thiophene oligomers. Our results show that the limiting conjugation

length in each conjugated series may be different, it becomes much shorter

for poly-phenyls than that for polythiophenes. Systematically derivatized

a-terthiophene structures have also been investigated. The substitution of

a pyrrole or a benzene unit in the place of the central thiophene ring in

the a-terthiophene structure reduces the Y value. The substitution of

polarizable iodine atoms at the end a positions of Y-terthiophene increases

the Y value. Even larger ir,:rcases in the Y values are observed with the

mononitro- and dinitro- sut~jitutions at the a positions in the a-

terthiophene structure. f,' .:-..e theoretical reasons for such changes in

the Y values for derivatiztz -- .ctures have been discussed.

The third-order nonlhr,- ptical susceptibility was investigated at

wavelengths of 602 and 580 .- :or a 10:1 stretch-oriented uniaxial film of

poly (p-phenylene vinylene) usirng femtosecond degenerate four wave mixing.
2 4

(3)A relatively large X with a subpicosecond response was observed. A large
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anisotropy in the x(3 ) value was found, the largest component of X(3
)

-10
5XO10 esu) being along the draw direction.

To investigate the effect of vibrational resonance on optical

nonlinearity we conducted the first study of both time-resolved and

frequency domain coherent Raman scattering in a conjugated polymer,

specifically a soluble polydiacetylene called poly-4-BCMU.25  Both the CARS

and CSRS spectra were recorded at room temperature and at 4 K in the region

of -C=C- stretch on a -12 wm thick film of poly-4BCMU in the red amorphous

form. The relevant CSRS spectra of the blue crystalline form were also

reported. Frequency domain study reveals the vibrational resonance

frequency to be independent of the polymer molecular weight in the red form,

but different for the blue and red form. The line shapes are asymmetric,

but do not seem to fit the predictions of a simple model involving dominant

two-photon resonance contributions. The observed vibrational dephasing in

the time-resolved study is very fast at both room temperature and 4 K, being

within the time-resolution available. From the combined analysis of the

frequency domain and time-resolved studies at both room temperature and 4 K,

an inhomogeneous mechanism of dephasing was inferred. The inhomogeneous

dephasing arises from simultaneous coherent excitation of a distribution of

vibrational frequencies originating from a distribution of polymer

conjugation length.

Electronically resonant third-order optical nonlinearity, in several

photoresponsive polymers were studied by picosecond and femtosecond

degenerate four-wave mixing to investigate the role of photoexcited charge

carriers.26 Both the magnitude and the response time of the observed

optical nonlinearities seem to vary over a wide range. In the case of a

solution processable polyacetylene-polymethyl methacrylate graft co-polymer,

the observed resonant X( 3 ) has an extremely fast initial decay and is

consistent with what can be expected from the intrachain soliton dynamics.

Resonant third-order nonlinear optical susceptibility X(3 ) of poly-N-

vinyl carbazole: 2 4,7-trinitrofluorenone composite polymer photoconductor

was measured at 602 rim for various compositions by picosecond degenerate

four-wave mixing. 26,27 The origin of effective third-order nonlinearity of

this system is attributed to the charge-transfer excitation which creates

thermalized correlated electron-hole pairs. The optical nonlinearity of

this polymeric system is characterized by a long relaxation time of hundreds
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of picoseconds. A progressive enhancement of the signal intensity and hence

effective X(3 ) accompanied by an increase in the decay rate of the

degenerate four-wave mixing signal has been observed with an increase in the

mole fraction of trinitrofluorenone.

In the case of an electrochemically formed polymer, specifically

polythiophene, we observed a relatively large x(3) with, again, a very fast
initial decay in subpicoseconds consistent with the intrachain polaronic

26 28
processes. ' An in situ study of the nonlinear optical behavior as a

function of electrochemical redox cycle showed a drastic reduction of the

overall X as the film is oxidized. The third-order optical

susceptibility of undoped poly(3-dodecylthiophene) was found to be X
(3 ) _

10-9 esu, large enough to allow the first reported observation of a

degenerate four-wave mixing signal from ultrathin Langmuir-Blodgett films of

this material. 16 In situ iodine-doping studies of UV-Visible absorption,

electrical conductivity and third-order nonlinear optical susceptibility

were carried out. Upon doping, the conductivity changed by more than eight

orders of magnitude but the X(3 ) value decreased to within ten percent of

the original value.

We also studied the resonant X(3) behavior of L-B films of several

phthalocyanines.4 12,13 Again, the nonlinearity was sufficiently large to

observe the degenerate four-wave mixing signal even from a monolayer. The
(3)

value of X is > 10- esu with response being in several picoseconds.
(3)Both the magnitude of X and the decay of the signal was found to be

dependent on the laser intensity. We assign the intensity dependent decay

to the presence of bimolecular processes (exciton-exciton annihilation).1 3

We used a novel approach using simultaneous monitoring of temporal

behavior of the usual phase conjugate signal and the second-order

diffraction produced in a dcgenerate four-wave mixing experiment to obtain

information about dynamics ! resonant third-order nonlinear optical

processes.2 9 The second oFZA_ diffraction is interpreted as arising from

the presence of the appropr. e Fourier component of the excited state

grating. The higher FourJ, 7ponents are expected to be generated in the

presence of such excited t processes as bimolecular decay, two-photon

absorption, saturation of ai: ;,rption and diffusion of excitation.

Third order nonlinear opt:cal properties of an organic dye: perylene

tetracarboxylic dianhydride were studied by this approach using
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subpicosecond degenerate four-wave mixing at a wavelength of 602 nm. The

dye was found to exhibit a strong resonant nonlinear effect with an

effective X(3) of - 2 X 10 -10 esu. The decay of the phase conjugate signal

is power dependent and can be theoretically simulated by using a combination

of monomolecular and bimolecular decay laws. The temporal behavior of the

phase conjugate signal and the second order diffraction was investigated at

different intensities. The observed characteristics are well simulated by

using a dominant bimolecular decay mechanism at higher excitation density.

The picosecond laser-induced transient grating technique was used to

determine the elastic constants of a predominantly uniaxial film of a rigid-

rod polymer, poly (benzobisoxazole).30 By adjusting the grating angle,

ultrasonic phonons in the frequency range 0.4-2 GHz were generated and their

in-plane speed in various directions was measured. The speed was found to

be independent of the phonon frequency in the range of frequency studied.

The general Christoffel equation was used to fit the observed anisotropy of

the acoustic velocity. This fit conveniently yielded various elastic moduli

demonstrating the application of picosecond laser-induced transient grating

methods for obtaining both longitudinal and shear components of elastic

constants for an anisotropic medium.

The picosecond transient grating technique was also used to obtain

acoustic speed as a function of film orientation in a uniaxially stretch-

oriented film of poly (vinyledene difluoride) at liquid nitrogen

temperature.3 1 By the analysis of acoustic speed anisotropy using the

general Christoffel equation, we have obtained both the longitudinal and

shear components of the elastic moduli of the film. Our results are in

qualitative agreement with those of a published Brilluoin scattering study.

5. Device Processes

Our study under this category focused on the investigation of nonlinear

optical processes in waveguides and fibers.

Optical bistable behavior in a novel scheme using a quasi-waveguide

interferometer with the third-order nonlinearity of the guiding film of a

soluble polydiacetylene (poly-4BCMU) was demonstrated. 32 This device shows

an input-output behavior analogous to that of a nonlinear Fabry-Perot

etalon. The value of X(3) for poly-4BCMU estimated from the switching power
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is considerably higher than the earlier reported nonresonant values measured

by other methods.

We reported the first clear demonstration 33 of intensity-dependent

phase shift due to electronic nonlinearity in a nonlinear polymer waveguide

in which propagation distances over 5 cm were achieved with toal attenuation
-1

of -1.2 cm . Intensity-dependent coupling angle, intensity-dependent

coupling efficiency, and limiter action behavior were observed in the

polyamic acid waveguide using grating excitation with 400 fs, 80 ps, and 10

ns pulses. A nonlinear grating coupler analysis identifies the

subpicosecond and picosecond processes with electronic nonlinearity, but the

dominant effect in the nanosecond experiment is due to thermal nonlinearity

derived from weak absorptions. The magnitude and sign of n2 of electronic

nonlinearity were measured.

By using a long interaction length (250 cm) provided by a liquid-core

multi-mode hollow fiber, we have observed novel nonlinear optical effects

derived from orientational nonlinearities. 34 - 3 7 Novel superbroadening (>100
-1

cm ) of the stimulated scattering added to the pump line (Rayleigh) and the

stimulated Raman scattering lines have been observed for several anisotropic

liquids (CS benzene).34'35 To explain these effects, we have proposed a

photon scattering model of Rayleigh-Kerr optical effect and Raman-induced

optical Kerr effect. For device applications, we have demonstrated the

application of this broadening to conveniently achieve a very high

amplification of a broad band optical signal.
36

Additional publications are from 38 to 47.
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